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Abstract Integrated light and electron microscopes (ILEMs)
will enable a new generation of high-precision correlative
imaging experiments. To fully exploit these systems, sam-
ples must contain dual-modality probes that highlight the
position of macromolecules in the context of cell ultrastruc-
ture. We demonstrate that the fluorescent proteins (FPs) GFP
(green), YFP (yellow) and mCherry can be used as dual-
modality probes for ILEM when preserved using the in-
resin fluorescence (IRF) technique, which delivers stable
active fluorophores in lightly stained, resin-embedded cells
and tissues. However, we found that vacuum pressure in the
ILEM affects the photophysics of FPs in IRF sections. Here,
we show that reducing the vacuum pressure reduces fluores-
cence intensity of GFP and YFP, which is a consequence of
water extraction from the sample and is reversible on re-
creation of partial pressure with water vapour (but not oxy-
gen or nitrogen gas). We also find that, although fluores-
cence intensity is reduced at a partial pressure of 200 Pa
(created using water vapour), the FP intensity is remarkably
stable over time in vacuum and resistant to photobleaching
during imaging. We are thus able to define imaging
strategies for standard FPs acting as dual-modality probes
in a single ‘multi-colour’ integrated microscope system.
Keywords GFP . YFP . Fluorescent protein . In-resin
fluorescence . Vacuum . Integrated light and electron
microscopy
Introduction
From the discovery of Aequorea victoria green fluorescent
protein (GFP) [1], fluorescent proteins (FPs) have developed
into ubiquitous tools for localising macromolecules in biolog-
ical samples [2]. The GFP molecule consists of 238 amino
acids in a single chain, folded into a -barrel, at the centre of
wh i ch s i t s t he f l uo r e s cen t ch romopho re pa r a -
hydroxybenzylidene imidazolone (PHBI). Four water mole-
cules sit within the cavity that surrounds the chromophore,
contributing to a hydrogen-bonding network that is important
for the photoactive properties of GFP [3]. On excitation of
GFP by light in the near-UV range, a proton-transfer reaction
to a nearby amino acid group results in emission in the green
region of the spectrum.
FP-protein constructs expressed in cells and tissues may be
localised using diffraction-limited or super-resolution light
microscopy [4]. Correlative light and electron microscopy
(CLEM) is then required to place the FP in the context of cell
ultrastructure. Different CLEM workflows have been devel-
oped for different applications [5, 6]. Recently, a number of in-
resin fluorescence (IRF) methods have been reported that pre-
serve the activity of GFP and other fluorophores through sam-
ple processing for electron microscopy (EM), thereby improv-
ing the accuracy of FP localisation, and promoting standard
fluorophores to the role of dual-modality probes [7–11].
Generally, cells and tissues expressing FPs are immobilised
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using high-pressure freezing [12], after which the water in the
sample is substituted at low temperature for a solvent contain-
ing a small percentage of uranyl acetate and water, before
infiltration with and polymerisation in a water-tolerant resin.
Maintenance of a small amount of water in the final resin
block is key to preserving FP activity. Indeed, our work indi-
cates that a quick freeze substitution (QFS) protocol [13] that
minimises dehydration time leads to stable, active FPs in
resin-embedded cells [10, 14].
We demonstrated our IRF protocol using the GFP-C1
construct to highlight the subcellular localisation of the lip-
id diacylglycerol, in combination with the mCherry-H2B
(histone 2B) construct to highlight the nucleus in HeLa
and COS-7 cells [10]. GFP and mCherry fluorescence
was maintained through processing into several acrylic
resins, and the FPs have remained stable in the polymerised
resin blocks for several years. Ultrathin sections can be cut
from IRF blocks and sequentially imaged in a fluorescence
microscope and electron microscope for CLEM experi-
ments. Although some membrane contrast is sacrificed
due to the low concentration of heavy metal stains neces-
sary to achieve fluorophore preservation, the result is an
accurate overlay of FP localisation onto the underlying cell
ultrastructure. Overlay accuracy can be further improved by
imaging the IRF sections in an integrated light and scan-
ning electron microscope (ILSEM) [15] where the sample
remains in situ in a stable vacuum environment whilst im-
aging in both modalities [14].
In the process of establishing that GFP is active and visible
in IRF sections in the vacuum of the ILSEM, we noted that
alterations in vacuum pressure caused unexpected changes in
the intensity of the emitted fluorescence. As the vacuum pres-
sure decreased from 200 to 10−3 Pa, so the fluorescence inten-
sity decreased, yet this effect could not be attributed solely to
photobleaching, as the majority of the signal was recovered on
return to 200 Pa and then to atmospheric pressure [10]. Since
it is known that removal of the hydration shell from the chro-
mophore can affect GFP dynamics [16], we hypothesised that
the reduction in FP intensity with reducing vacuum pressure
was a result of water extraction from the sample.
We now further investigate the effects of vacuum pressure
on FPs in IRF sections. By manipulating the ILSEM to create
partial pressures with dry nitrogen and oxygen gases, we con-
firm that water is essential for maintaining FP activity in vac-
uum. Using a vacuum test chamber, we were able to measure
the effect of vacuum pressure on fluorescence intensity with
greater precision, demonstrating quantitatively that repeated
exposure to vacuum does not adversely influence FP activity.
These findings confirm and extend our previous work show-
ing that FPs can act as ‘dual-modality’ probes within the inte-
grated light and electron microscope, and add mechanistic
insights which will have significant implications for future
experimental design.
Results
Standard fluorescent proteins are active in cells in resin
in the electron microscope
In order to test the relationship between vacuum pressure and
fluorescence intensity, we examined HeLa cells transfected
with an expression construct encoding GFP-C1 or infected
with a recombinant vaccinia virus encoding YFP-A3 [17].
As previously observed [10, 18], GFP-C1, which binds to
the lipid diacylglycerol in cellular membranes, localised to
the nuclear envelope, nucleoplasmic reticulum, Golgi appara-
tus, ER and vesicles (Fig. 1a, d–f); mCherry-H2B localised to
the nucleus. Imaging the alternative constructs mCherry-C1
and GFP-H2B in the ILSEM highlights that the preservation
and vacuum stability of the FPs in resin are independent of the
specific construct used (Fig. 1b). Imaging IRF sections of
HeLa cells infected with vaccinia virus YFP-A3 confirmed
that YFP can also be preserved in resin (Fig. 1c) and imaged
in vacuo (Fig. 1g–k). Furthermore, CLEM experiments per-
formed using an ILSEM show that YFP-A3 localises to both
immature (Fig. 1i) and mature virions inside the cell (Fig. 1h,
j) and at the plasma membrane (Fig.1k), consistent with it
being an inner core viral protein.
FP activity in vacuo recovers with water vapour but not
with nitrogen or oxygen
The intensity of GFP-C1 fluorescence in cells in IRF sections
reduced as the vacuum pressure in the ILSEM decreased from
atmospheric pressure (~105 Pa) to high vacuum (~10−3 Pa).
GFP intensity was optimal at 200 Pa, visible from 200 to 40
Pa, but too dim below 40 Pa for effective imaging using an
sCMOS detector. This effect could not be attributed solely to
photobleaching since FP intensity recovered when the vacu-
um pressure was cycled back to 200 Pa using water vapour to
create partial pressure, and then to atmosphere (Fig. 2a). To
test the hypothesis that the effect of vacuum pressure on FP
activity in IRF sections was caused by extraction of water, we
instead created partial pressure in the ILSEMwith oxygen gas
(Fig. 2b) or nitrogen gas (Fig. 2c). In both cases, fluorescence
intensity was too low for effective imaging from 200 Pa to
high vacuum. Fluorescence intensity was not recovered on
cycling back to 200 Pa in the presence of oxygen or nitrogen.
However, on returning to atmospheric pressure by venting the
system and opening the chamber door to air (~70 % humidi-
ty), the GFP signal was recovered. Furthermore, following
GFP signal loss in oxygen or nitrogen partial pressure condi-
tions, fluorophore activity could be recovered without
returning to atmosphere by re-creating partial pressure at
200 Pa with water vapour (Fig. 2d, e). The same FP response
to partial pressures created with water vapour, oxygen and
nitrogen was observed for YFP-A3 (Fig. 3).
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Quantification of the effect of vacuum pressure on GFP
fluorescence intensity
To quantify the response of FPs to vacuum pressure in IRF
sections, we built an offline vacuum chamber with pumping
system, vacuum gauge, ‘up to air valve’ for rapid venting,
and high precision leak valve for accurate pressure control.
The system included an imaging window to hold a glass
coverslip, with the IRF sections exposed to vacuum, and
the light microscope optics outside the chamber (Fig. 4a).
Vacuum-response quantification studies were performed
using cells expressing the GFP-C1 construct. As the QFS
protocol preserves fluorophore activity across a wide range
of expression levels, we chose to exclude bright cells over-
expressing the GFP-C1 construct as they are not physiolog-
ically relevant, and dim cells that would be difficult to quan-
tify (Fig. 4b, red circles).
Previously, we demonstrated that IRF sections mounted
on glass slides in buffered glycerol were more resistant to
photobleaching than fixed whole cells [10]. Here, we per-
formed similar photobleaching experiments on dry mounted
200 nm-thick IRF sections at atmospheric pressure and un-
der vacuum (Fig. 5). Time-lapse recordings of 30 min dura-
tion were carried out (300 ms exposure every 30 s) at atmo-
spheric pressure (~105 Pa) and at 200 Pa. At atmospheric
pressure, fluorescence intensity reduced over the first 30 min
by 6.7 %. In comparison, at 200 Pa, the baseline fluores-
cence intensity was lower but the intensity dropped by only
1.4 % over the first 30 min. Both sets of IRF sections were
then left at atmospheric pressure for 30 min without imag-
ing, prior to performing a second time-lapse recording. At
atmospheric pressure, no recovery of signal was noted after
the rest period, and over the second time-lapse recording, a
further drop in intensity of only 1.1 % was measured, indi-
cating that a proportion of the fluorophores had been irre-
versibly photobleached (Fig. 5). In the vacuum experiments,
on returning to 200 Pa after the rest period at atmosphere,
the baseline fluorescence intensity was similar to the first
Fig. 1 Preservation of FPs in IRF sections and imaging in the ILSEM. a–
c Light microscopy of 200 nm sections taken from resin blocks
containing HeLa cells expressing the fluorescently tagged constructs
GFP-C1/mCherry-H2B (a), GFP-H2B/mCherry-C1 (b) and HeLa cells
infected with vaccinia virus YFP-A3 (c). Images were acquired using a
standard widefield epifluorescence light microscope and 100×/0.75 NA
air objective. d Composite image showing GFP-C1 overlaid onto the
corresponding electron micrograph; images were acquired sequentially
using an ILSEM. e, f Boxed detail from (d) showing GFP-C1 (which
binds to the lipid diacylglycerol) at Golgi stacks and endoplasmic reticu-
lum. g Composite image showing YFP-A3 overlaid onto the correspond-
ing electron micrograph; images were acquired sequentially using the
ILSEM. YFP-A3 localises to viral particles within the cytoplasm and at
the cell surface. h–k Boxed detail from G showing YFP-A3 localised to
immature (i), mature (h, j) and extracellular (k) viral particles. ER endo-
plasmic reticulum, G Golgi stack, N nucleus, M mitochondrion. Scale
bars = 10 μm (a–c), 5 μm (d, g), 500 nm (e, f, h–k)
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time-lapse experiment and the intensity again dropped by
only 1.8 % over the second 30-min recording.
The vacuum chamber was also used to quantify the
effects of vacuum on fluorescence intensity observed in
the ILSEM shown in Fig. 2. Fluorescence intensity in
200 nm IRF sections decreased as the vacuum pressure
decreased, from a maximum at atmospheric pressure to a
minimum at high vacuum (~10−3 Pa). On increasing vacu-
um pressure back to atmosphere, a slight reduction in in-
tensity was noted over the pressure range, suggesting a lag
in rehydration of the sections and thus fluorescence recov-
ery when leaking the vacuum to air (~70 % humidity)
rather than water vapour (Fig. 6a). Over repeated cycles
of pumping to vacuum and venting to atmosphere
(Fig. 6b), the fluorescence intensity averaged across multi-
ple regions of interest reduced by only 0.1 % at atmo-
sphere. This analysis leads us to propose a strategy for
imaging standard fluorophores in IRF sections of cells or
tissues inside the ILSEM (Fig. 7).
Discussion
The integration of light and electron microscopes heralds a
new era for high-precision correlative microscopy, where
both light and electron signals are recorded in situ from a
single specimen. We have demonstrated that standard FPs
(GFP, YFP, mCherry) can be preserved in-resin in a state
that is active in vacuum. However, we found that the vacu-
um affects the photophysics of GFP in several ways. First,
we observed a drop in fluorescence intensity as the vacuum
pressure decreases due to extraction of water from the sam-
ple, and which can be reversed by re-introducing water into
the system at partial vacuum pressure or atmospheric pres-
sure. Second, we show that although fluorescence intensity
is reduced at a partial pressure of 200 Pa (created using
water vapour), the FP intensity is remarkably stable and
resistant to photobleaching during imaging. Finally, we
show that holding IRF sections in vacuum leads to very
minor losses in fluorescence over time.
Fig. 2 Response of GFP in IRF sections to partial pressure created using
water vapour, oxygen or nitrogen. a–c Images were collected at
atmospheric pressure (Atm), and across increments of decreasing
vacuum pressure from 200 Pa to high vacuum (~10−3 Pa), before
cycling back to 200 Pa and then Atm. a Fluorescent signal was retained
in the presence of water vapour at 200 Pa, declined in intensity as the
chamber pressure reduced to high vacuum, and recovered as the pressure
was cycled back to 200 Pa and then Atm. Conversely, the signal degraded
immediately in the presence of oxygen (b) or nitrogen (c) and remained
unchanged until the chamber returned to Atm. d, e Switching from partial
pressure created by either oxygen or nitrogen gas to water vapour resulted
in the recovery of a significant proportion of the original fluorescent
intensity. Scale bars = 10 μm
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On a practical level, our experiments define a strategy for
correlative imaging in the integrated microscope. Fluores-
cence imaging should be performed at ILSEM chamber pres-
sures of 40 to 200 Pa, with partial pressure created by water
vapour rather than nitrogen gas. Electron imaging should be
performed in high vacuum to minimise scattering of electrons
and maximise contrast from the IRF sections. FP intensity
recovers when the vacuum pressure is increased to 200 Pa in
the presence of water vapour, enabling repeated cycles of
fluorescence microscopy and electron imaging on the same
sample. Using this workflow, it is possible to sequentially
image an area of interest for fluorescence and electron signals,
before moving the specimen to acquire light and electron im-
ages from a new region of interest. Since the effect of time
under vacuum on fluorescence intensity is minor, the same
sample can be left in situ for several days for complex or large
area imaging experiments.
Although we have shown that the extraction of water af-
fects FP activity, it is difficult to determine the exact molecular
mechanism underlying the reduction in FP intensity with re-
ducing vacuum pressure. It is not likely to be caused by
unfolding of the FP itself since the effect is reversible, and it
is known that gas phase rGFP ions remain folded and stable
under vacuum [19]. The reduction in FP intensity may be
directly caused by the removal of the resident water molecules
surrounding the chromophore, which has been shown to inac-
tivate gas phase rGFP under vacuum [19]. It is also possible
that the effect is indirectly caused by alteration of pH upon
removal of water molecules from the FPmicroenvironment, to
which FPs are highly sensitive [20]. The situation may be
further complicated by the removal of reactive oxygen species
from the chromophore by the vacuum, thus reducing damage
to the chromophore over time [21], which could explain the
observed stability and resistance to photobleaching.
Dissecting the molecular mechanism of the FP response to
vacuum in cells in IRF samples will be inherently problematic.
In comparison to photophysical studies in vacuum of isolated
GFP molecules as crystals [22] or in the gas phase [19,
Fig. 3 Response of YFP in IRF sections to partial pressure created using
water vapour, oxygen or nitrogen. a–c Images were collected at
atmospheric pressure (Atm), and across increments of decreasing
vacuum pressure from 200 Pa to high vacuum (~10−3 Pa), before
cycling back to 200 Pa and then Atm. a Fluorescent signal was retained
in the presence of water vapour at 200 Pa, declined in intensity as the
chamber pressure reduced to high vacuum, and recovered as the pressure
was cycled back to 200 Pa and then Atm. Conversely, the signal degraded
immediately in the presence of oxygen (b) or nitrogen (c) and remained
unchanged until the chamber returned to Atm. d, e Switching from partial
pressure created by either oxygen or nitrogen gas to water vapour resulted
in the recovery of a significant proportion of the original fluorescent
intensity. Scale bars = 10 μm
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23–25], GFP in resin-embedded cells will be affected by a
complex unquantifiable microenvironment created by the in-
terplay of protein folding, the biochemistry of the cellular
location, aldehyde cross-linking of proteins, uranyl acetate
binding, solvent extraction of water and macromolecules,
and resin-macromolecule interactions. For now, our approach
has been driven by the need to understand in vacuo FP imaging
on a ‘systems’ level, and the practical implications for integrated
imaging using FPs as dual-modality probes. Indeed, it will be
interesting in the future to examine the vacuum response of new
iterations of FPs that withstand fixation, leading to improved
electron contrast whilst maintaining FP activity [26].
Finally, it is interesting to consider that modulation of FP
emission is the core concept of localisation-based ‘super-
resolution’ light microscopy techniques including PALM
and STORM [27]. It would be a logical step to investigate
Fig. 4 Response of GFP
fluorescence intensity to changing
vacuum pressure was quantified
using a custom-built vacuum test
chamber. a Components of the
vacuum test chamber. b Inset
showing the glass coverslip hold-
ing the IRF sections, mounted for
an imaging experiment. c Image
showing part of a typical field of
view analysed during vacuum
tests. Cells expressing either very
high or very low levels of the
GFP-C1 construct were excluded
from the analysis (red circles).
Cells expressing the construct at
more ‘physiological’ levels
(assessed by membrane morphol-
ogy) were included in the analysis
(green circles). Scale bar =
100 μm
Fig. 5 Time-lapse recordings of fluorescence intensity from GFP in
200 nm-thick IRF sections at atmosphere and 200 Pa. Consecutive
recordings of 30 min duration were acquired (30 ms exposure every
30 s), with a 30 min pause at atmosphere in between first and second
recordings. At atmospheric pressure (~105 Pa; black line), fluorescence
intensity declined by 6.7 % during the first acquisition period, reaching
a plateau by the end of the recording period. The signal did not recover
during the waiting phase, indicating that the initial reduction was
caused predominantly by non-reversible photobleaching. Under vacuum
conditions (200 Pa; red line), photobleaching of the signal remaining at
this pressure was minimal, as shown by the similarity in intensity dur-
ing first and second acquisition periods
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whether the modulation of FP emission by vacuum pressure
could be used to incorporate subdiffraction light microscopy
into the ILSEM, which could lead to correlation of FP-
labelled proteins to cellular structures with a precision in
the order of 10 nm. This resolution would be sufficient to
localise proteins to trafficking vesicles and membrane do-
mains without the need for antibodies, in a single ‘multi-
colour’ integrated microscope system.
Fig. 7 Suggested workflow for
imaging standard fluorescent
proteins in IRF sections in the
ILSEM
Fig. 6 Quantification of vacuum pressure effects on GFP fluorescence
intensity. Atmospheric pressure (Atm) and 200 Pa boundaries are marked
by dashed vertical lines. a Graph showing intensity of fluorescence
normalised to the initial fluorescence level. Each data point is averaged
over five ROIs and three pressure cycles. As vacuum pressure decreased,
the FP intensity decreased, and recovered on return to atmospheric
pressure. b Scatter plot of the raw data (fluorescence intensity, arbitrary
units) for each of five ROIs (i.e. five cells) acquired over three pressure
cycles showing that GFP fluorescence intensity was stable over multiple
cycles of vacuum exposure
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Materials and methods
Cell culture, constructs and transfection
Human cervical cancer epithelial HeLa cells were obtained
from the American Type Culture Collection (ATCC, CCL-2).
Cells were maintained in DMEM supplemented with 10 %
fetal bovine serum in 10- or 15-cm tissue culture dishes.
PKCε was kindly provided by Peter J. Parker (London Re-
search Institute, UK). EGFP-PKCε was made as previously
described [18]. Cells were transfected with 0.5 μg DNA (for
3.5 cmMatTek dishes) of each construct using Lipofectamine
LTX and PLUS reagent (Invitrogen, Life Technologies Ltd,
Paisley) in OPTIMEM medium (Gibco, Life Technologies
Ltd., Paisley). The transfection mix was added to the cells
in antibiotic-free medium. Microscopy and/or fixation was
performed 18–24 h after transfection. Alternatively, HeLa
cells were infected with vaccinia virus encoding YFP-A3
[17] at a multiplicity of infection (MOI) of 2 in serum-free
DMEM. Infected cells were fixed at 18 h post-infection for
downstream processing.
IRF preparation
IRF preparation was performed as described previously [10, 14].
Note that virus-infected cells were fixed with 4 % formaldehyde
in 0.1 M phosphate buffer pH 7.4 prior to freezing. Briefly, cells
were spun in a 1.5 ml Eppendorf tube to form a pellet, resus-
pended in an equal volume of media containing 20 % BSA and
maintained at 37 °C. Fifty microliters of the cell suspension was
pelleted in a blocked 200 μl pipette tip, from which the cells
could be transferred to membrane carriers after removal of the
blockage and loaded into the EMPACT2 high-pressure freezer
using the rapid transfer system (Leica Microsystems, Vienna).
Carriers containing frozen cells were stored under liquid nitro-
gen. Quick freeze substitution (QFS) was performed using a
modified version of the method described by McDonald and
Webb [13]. The substitution medium was 5 % H2O in acetone,
with 0.1% uranyl acetate diluted from a 20% stock inmethanol.
After freeze substitution, the cells were infiltrated with HM20
resin at −50 °C in an automated freeze substitution unit (AFS2;
Leica Microsystems, Vienna) and polymerised under 360 nm
UV light over 48 h, before warming to room temperature.
Polymerised blocks were trimmed from the moulds and
stored at room temperature in the dark. Prior to sectioning,
the membrane carriers were carefully trimmed away by hand,
and the blocks cut and trimmed perpendicular to the cell layer
to allow examination of the full depth of the layer. For vacuum
testing, ultrathin sections of 200 nm were cut using a UC6
ultramicrotome (Leica Microsystems, Vienna), collected on
22 × 22 mm glass coverslips, and stored for a maximum of
48 h in the dark at 4 °C. Widefield epifluorescence microsco-
py was performed on 200 nm sections using a standard
benchtop microscope (Axio Scope.A1; Zeiss, Cambridge)
and EC Epiplan-Neofluar 100×/0.75 NA air objective. Where
sections were to be used for ILSEM, indium tin oxide (ITO)
coated glass coverslips were used (Delmic B.V., Delft) to col-
lect 200 nm sections, and the coverslip attached to a specimen
holder [14].
ILSEM
ILSEM was performed on the same day as sectioning using a
SECOM light microscope platform (Delmic B.V., Delft) with
Nikon Plan Apo 100×/1.4 NA objective and vacuum compati-
ble immersion oil, mounted on a Quanta 250 FEG SEM (FEI
Company, Eindhoven). GFP fluorescence was stimulated by
excitation of GFP using a 488 nm laser light source and multi-
band filters (Di01-R405/488/594 dichroic, FF01-446/532/646-
25 emission; Semrock, Rochester, NY). Images were collected
using an sCMOS camera (Zyla 5.5; Andor Technology, Belfast)
with a laser power of 1.1 mWat the sample level and exposure
time of 8 s, at atmospheric pressure (ambient pressure with
chamber door closed only for imaging), and across chamber
pressures from 200 Pa to high vacuum (approximately
10−3 Pa). During vacuum series acquisition, short pauses were
introduced after each target pressure was achieved (30 min
when changing from atmosphere to 200 Pa, 20 Pa to high vac-
uum, high vacuum to 200 Pa, and 200 Pa to atmosphere; 5 min
at all other points; and 10 min resting with chamber door open
after returning to atmosphere) to allow for stabilisation of the
system and specimens. Partial pressure conditions were created
either usingwater vapour as standard for a Quanta FEGSEM, or
using oxygen or nitrogen as auxiliary gases.
When directly comparing fluorescence intensity across a
range of vacuum pressures, the power of illumination and
time for each exposure were kept constant, and adjustments
in brightness, contrast and RGB levels were made post-
acquisition to closely match the levels of background fluo-
rescence between images. For SEM imaging, the vCD back-
scatter detector (FEI Company, Eindhoven) was used at a
working distance of 5.6 mm, and inverted contrast images
were acquired in high vacuum (2.5 keV, spot size 3.5,
30 μm aperture, and pixel dwell time of 60 μs for a
3072*1536 image frame). The electron micrographs were
adjusted to enhance contrast, and composite images of dual
signals were generated as described previously [10, 14].
Vacuum test chamber for IRF sections
A chamber was constructed to allow imaging of GFP fluores-
cence intensity across a range of vacuum pressures, based on a
five-way cross with DN50KF flanges. One opening was con-
nected to a reducing T (LewVac, FL-RT63LF-50KF) that at-
tached to the pumping system (Turbovac 50, Oerlikon and
RV3, Edwards) on one side, and a vacuum gauge (Ionivac
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ITR90, Oerlikon) on the other. An up to air valve (UTAV-
50KF, LewVac) for rapidly venting the chamber, and a high
precision leak valve (215010, Oerlikon) for accurate pressure
control were also attached.
The glass coverslips upon which IRF sections were collect-
ed were mounted using a custom flange (polished outer sur-
face, central 5 mm-diameter hole) with the sections facing into
the chamber and sealed onto the flange using vacuum grease.
A customised upright epifluorescence microscope built from
Thorlabs 30 mm cage components was used to image the
sections. Images were obtained using an Olympus UPLFLN
20×/0.5 NA objective, a fluorescence filter set (MF469-35,
MD498, MF535-22; Thorlabs), an f = 150 mm tube lens,
and an sCMOS camera (Flash 4.0 V2, Hamamatsu). Illumi-
nation was provided using an LED (M490L2, Thorlabs). Im-
age data was acquired using Micromanager [28] with 2 × 2
binning and an exposure time of 300 ms. The power of illu-
mination at the sample level was recorded as 3.5 mW. The
pressure measurements from the ion gauge were also recorded
in Micromanager by using the analogue input of an Arduino
Mega 2560 microcontroller board.
Data analysis
Individual images were imported as a sequence into Fiji [29]
and the individual frames aligned using the template matching
plugin (https://sites.google.com/site/qingzongtseng/template-
matching-ij-plugin). Circular regions of interest (ROIs) were
then drawn around a selection of fluorescent cells in the im-
age, and their average intensity extracted. Cells exhibiting
very intense fluorescence were excluded from analysis as they
were considered to be non-physiological. Cells exhibiting
very weak fluorescence were also excluded as they would
have been difficult to quantify accurately. To assess FP re-
sponse to multiple rounds of vacuum exposure, the pressure
in the chamber was cyclically reduced and increased with
images obtained at pre-determined settings of the pumping
system and leak valve. Three pressure cycles were recorded
sequentially. Each data point was averaged over the three
pressure cycles and five ROIs selected.
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